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Introduction
Hypercoagulability can lead to serious vascular thromboembolic complications within the liver transplant graft vessels, which can result in a life-threatening situation. Krzanicki et al. [1] were able to demonstrate significant intraoperative thromboelastographic (TEG) evidence of hypercoagulability and reported that it is common (16-86%) in liver transplantation. Conventional coagulation tests (CCT) have a limited ability to diagnose hypercoagulability. Recipients may be harmed if hypercoagulability is undiagnosed and inadequately treated, particularly in the immediate postoperative period. Recognized risk factors for thrombosis are generally related to one or more elements of Virchow's triad (stasis, vessel injury and hypercoagulability). Major surgery itself can induce a hypercoagulable state during the postoperative period, and this hypercoagulability has been implicated previously in the pathogenesis of postoperative thrombotic complications [2] [3] [4] .
Hypercoagulability can readily be diagnosed by viscoelastic point of care (POC) coagulation analyzers such as thrombelastography (TEG) or rotational thromboelastometry (ROTEM). Hypercoagulability can be demonstrated in ROTEM analysis by shortened clotting time (CT) and increased (maximum) clot firmness (MCF > 68 mm) [2, 5, 6] .
The aim of this study is to assess the perioperative coagulation process in living donor liver transplantation (LDLT) recipients with preoperative laboratory markers indicating a tendency to hypercoagulability by studying the intra-and postoperative coagulation using CCT and ROTEM, as well as the inter-relationship between them. In addition, we are reporting the incidence of postoperative thrombotic complications and the effects of prophylactic heparin infusion on CCT and ROTEM.
Patients and Methods
This prospective observational study was approved by the local research and ethical committee (0082/2014) of the Liver Institute, Menoufia University, Egypt and registered at the South African Cochrane Registry (201405000814129).
151 potential liver transplant recipients were screened for thrombophilic factors from October 2014 to June 2017, and 57 potential recipients fulfilled the inclusion criterion of presenting two or more of the following thrombophilic factors: low protein C, low protein S, low anti-thrombin, increased homocystein, increased antiphospholipid IgG/IgM antibodies, increased lupus anticoagulant, and positive Factor V Leiden mutation. Protein C and S were determined with protein C and protein S reagent (Siemens Healthcare Diagnostics, Newark, DE, USA) on a Sysmex Automated Hematology Analyzer CA-1500 (Siemens Healthcare, Erlangen, Germany; reference range, 70-140%; cut-off used in the study < 70%). Anti-thrombin was measured with the Berichrom Anti-Thrombin III kit on a Sysmex Automated Hematology Analyzer CA-1500 (reference range, 79-112%; cut-off used in the study < 79%). Homocystein was determined by with the ADVIA Centaur Homocystein kit on a ADVIA Centaur Immunoassay Analyzer (Siemens Healthcare; reference range 5-12 μmol/l; cut-off used in this study > 12 μmol/l). Antiphospholipid IgG/IgM antibodies (anticardiolipin, anti-phosphatidyl serine, anti-phosphatidyl inositol, anti-phosphatidic acid, and anti-beta-2-glycoprotein antigen) were detected with the Human Anti-Phospholipid Screening IgG/IgM ELISA kit (Alpha Diagnostics International, San Antonio, TX, USA) on a STAT FAX Multichannel Microplate Reader (Awareness Technology, Palm City, FL, USA; reference range < 10 U/ml for both IgG and IgM; cut-off used in this study > 10 U/ml). Lupus anticoagulant was determined with Siemens LA1 screening reagent and LA2 confirmation reagent (Siemens Healthcare Diagnostics) on a Siemens BFII Coagulation Analyzer (Siemens Healthcare; reference range, normalized LA1/LA2 ratio, 0.8-1.2; cut-off used in this study, normalized LA1/LA2 ratio > 1.2). Factor V Leiden mutation was detected with the FV-PTH-MTHFR strip assay (ViennaLab Diagnostics, Vienna, Austria) on an AB 7500 Real Time PCR System (Applied Biosystems, Singapore; cut-off used in this study, positive (mutant)).
Exclusion criteria were cancellation of liver transplantation due to tumor progression or poor condition of the living donor liver, liver transplant recipients on oral anticoagulation, and any intra-or postoperative procoagulant therapy with activated recombinant factor VII (rFVIIa). Unfractionated heparin was infused (60-180 U/kg/day) postoperatively for 3 days and then replaced by low-molecular-weight heparin (20 mg / 12 h).
General anesthesia was maintained with Desflurane (Baxter, Erlangen, Germany) in O 2 /air mixture (F I O 2 = 0.4), Fentanyl, and Rocuronium to keep the patient state index anesthesia depth monitoring between 25 and 50 (Sedline ® ;
Masimo, Irvine, CA, USA). An arterial line was placed in the non-dependent hand radial artery, and a central venous line was inserted ultrasound-guided in the right internal jugular vein. Perioperative fluid regimens consisted of Ringer's acetate solutions (6-10 ml/kg/h). Albumin 5% was given to treat hypoalbuminemia related to ascites. Packed red blood cells (RBCs) were transfused to keep hematocrit above 25%. ROTEM-guided intraoperative blood product transfusion was performed according to the protocol described by Görlinger [9] and Fayed et al. [10] .
Transesophageal doppler (TED; Cardio QP, Deltex Medical, Chichester, UK) was placed into mid-esophagus. Boluses of colloids (gelatine or human albumin 5%) were guided by an algorithm depending on TED, similar to the algorithm used by Sinclair et al. [11] .
Liver transplantation was performed by the same surgeons (249 cases) without veno-venous bypass and temporary porto-caval shunt.
Deep venous thrombosis prophylaxis included elastic stockings and sequential compression system intermittent pneumatic compression (Tyco Healthcare, Kendall, MA, USA) for the lower limbs until early ambulation.
Body temperature was maintained using convective warming therapy (Bair Hugger ® Temperature Management Unit, Model 750; Arizant Healthcare Inc., Eden Prairie, MN, USA) and warming of all infused fluids. Postoperatively, patients were admitted to the intensive care unit directly from the operating room. Recipient complications, outcomes, blood transfusion requirements, perioperative fluid management as well as time of anesthesia and surgery were documented prospectively.
Statistical Analysis
We performed a prospective cohort study. In the present study blindness was only carried out for the main outcome assessor (level 3) (classification of blinding [12] : blinding for participants (level 1), health care providers (level 2), and main outcome assessor (level 3)). For sample size and power calculation, α was set to 0.05 and maximum beta accepted was 20% with a minimum power of 80% in the present study. Sample size calculation was performed by using the IBM SPSS Sample Power Software (IBM, Armonk, NY, USA) and was confirmed by using the Lenth's Java Applets for Power and Sample Size and resulted in an overall sample size of 50 patients.
The IBM SPSS (Statistical Package for Social Science) program was used for data collection and analysis. Kolmogorov-Smirnov test was carried out and revealed no significance in the distribution of variables (normally distributed); this allowed for parametric statistics to be carried out.
Data were presented as percentage or as means and standard deviation (SD). Within group comparison was carried out using repeated measures ANOVA. The correction of p value for multiple testing was set to 0.01 to detect significance (Bonferroni correction of multiple comparisons) [13] .
Receiver operating characteristics (ROC) curve analyses were used to assess the ability of ROTEM variables to discriminate postoperative thromboembolic events. Results were presented as area under the ROC curve (AUC) and standard error (SE). The overall test performance, assessed as the AUC, was graded based on the traditional academic point system (0.5-0.6: fail, 0.6-0.7: poor, 0.70-0.80: fair, 0.80-0.90: good, and 0.90-1.00: excellent) with concern of the p value (MedCalc, Version 13; MedCalc Software, Ostend, Belgium).
As secondary endpoints, cut-off values at the point estimate corresponding to the greatest Youden index (i.e., the largest difference between sensitivity and 1-specificity over all points of the ROC curve) were calculated along with the respective sensitivities and specificities with their corresponding 95% confidence intervals (95% CI). These cut-off values are frequently considered a potential 'optimum' cut-off, although the optimum biological cut-off may differ. 95% CIs were computed based on the observed proportion using Clopper and Pearson's method [14] . Furthermore, positive and negative predictive values for these respective optimum cut-off values were calculated not considering uncertainty in the selection of the cut-off.
Results
The study was conducted at the Anesthesia Department, Liver Institute, Menoufia University, Egypt from October 2014 to June 2017. The Liver Institute is a hospital specialized on liver disease and a reference center for advanced liver disease and surgery in Egypt. 57 out of 151 (37.8%) potential recipients for liver transplantation screened preoperatively fulfilled the inclusion criterion of presenting two or more thrombophilic factors. Seven patients were excluded from the study because they fulfilled at least one exclusion criterion. Accordingly, 50 out of 151 (33.1%) patients were included in the final analysis.
Recipient characteristics: Mean age and weight were 45.62 ± 9.08 years and 79.88 ± 12.66 kg, respectively. The mean operation time was 12.45 ± 3.35 h.
Male/female ratio was 47/3 (94% male). The most common relationship between donors and recipients was the son (20%). Main indications for transplantation were combined hepatitis C virus (HCV) and hepatocellular carcinoma (HCC) 18/50 (36%). HCV without HCC accounted for 23/50 (46%).
RBCs (mean ± SD 8.68 ± 5.81 units) were transfused in 38/50 (76%), fresh frozen plasma (8.26 ± 4.14 units) in 31/50 (62%), and cryoprecipitate (12.0 ± 3.68 units) in 14/50 (28%) of recipients. None of the recipients received intraoperative platelet transfusion or any postoperative transfusion. 12/50 (24%) patients went through the liver transplantation without any blood transfusion.
All recipients received crystalloids in the form of Ringer's acetate (10.38 ± 3.17 l), colloids (2.84 ± 1.34 l) and human albumin 5% (11.62 ± 4.15 units) (1 unit human albumin contains 50 ml). Preoperative coagulation screening for the 50 recipients finally included in this study showed an increased lupus anticoagulant, antiphospholipid IgG/IgM antibodies and homocystein in 76%, 2% and 20%, respectively, a decreased anti-thrombin, protein C and protein S in 74%, 78% and 34%, respectively, and Factor V Leiden mutation in 24%. This corresponds to an incidence of 25.2%, 0.7%, 6.6%, 24.5%, 25.8%, 11.3%, and 7.9% in the overall patient population of potential liver transplant recipients (n = 151) screened for this study.
Complications recorded were bile leak in 22/50 (44%) followed by sepsis in 10/50 patients (20%). Hepatic artery thrombosis (HAT) and portal vein thrombosis (PVT) were reported in 6/50 (12%) and 1/50 (2%) patients, respectively, mainly after critical care discharge and with high FIBTEM MCF values, in 57% on POD 3, 86% on POD 7. Here, 1/6 patients with thrombosis presented a combined HAT and PVT. The overall 1-year survival in this group of recipients with hypercoagulability was 62%.
There were significant changes in conventional coagulation test results (INR, aPTT, and fibrinogen plasma concentration) post reperfusion compared to preoperative values as analyzed by pairwise comparison with Bonferroni adjustment for multiple comparisons (p < 0.01) ( table 1 ) . Furthermore, ROTEM analysis showed significant changes in CT, CFT, alpha angle, A10, and MCF in INTEM and EXTEM during the study period when tested with a repeated measures ANOVA (p < 0.01), but with no intra-or postoperative hypercoagulability observed. INTEM CT (reference range 100-240 s) normalized on POD 3 and 7 (196.1 ± 69.0 and 182.7 ± 63.8 s, respectively), despite prolonged aPTT (59.7 ± 18.7 fig. 2 , table 4 ) .
No significant correlations were found between most of the conventional coagulation tests (CCT) and ROTEM parameters (p > 0.05), except for the post-reperfusion fibrinogen plasma con- Analyzing ROTEM variables from the pooled data set demonstrated that only FIBTEM MCF was able to predict an increase in coagulation activity in the enrolled patient population with preoperative precursors of hypercoagulability. This was demonstrated by the step-wise increase in FIBTEM MCF from POD 1 to POD 3 and POD 7, with a maximum effect on POD 7.
ROC curve analyses of FIBTEM MCF were significant predictors for thromboembolic events with optimum cut-off value, AUC and SE on POD 3 (>23 mm, 0.779 (0.097); p = 0.004) and POD 7 (>28 mm, 0.706 (0.089); p = 0.020), as displayed in figure 3 and table 5 .
Discussion
This study helped to shed light on several important points regarding the hemostatic balance in patients during and after liver transplantation. First of all, there was a significant and step-wise increase in FIBTEM MCF from POD 1 to 7, indicating an increase in fibrin polymerization, despite normal plasma fibrinogen concentrations. This increase can predispose to thrombosis within the vascular anastomoses of the liver graft. Six out of 50 (12%) recipients suffered from HAT and/or PVT, mainly after discharge from the critical care unit and during their stay on the surgical ward. One out of 50 (2%) recipients developed both HAT and PVT. Thrombotic events in the liver graft are an important issue which can result in graft failure and patient death, and this highlights the importance of extending ROTEM monitoring in patients at risk for thrombosis as included in this study. The ROC analysis performed in this study as well as in the study published by Hincker et al. [2] have clearly demonstrated that ROTEM can provide a better risk assessment for thrombosis compared to CCT.
Rossetto et al. [15] evaluated the thromboelastometry profile of cirrhotic and non-cirrhotic patients with non-neoplastic PVT and healthy volunteers. Similar to our results, they found no significant differences in standard coagulation tests as well as in INTEM and EXTEM results between PVT patients, both with and without cirrhosis, and healthy control. However, they demonstrated also a significantly higher FIBTEM MCF in non-cirrhotic patients with PVT compared to healthy volunteers (19 vs. 11 mm; p < 0.05). Accordingly, they suggested that the FIBTEM MCF can be a useful tool to discriminate non-cirrhotic patients with PVT from those without thrombotic events. This is in line with the results of our study, where ROC analysis at POD 3 and POD 7 with a FIBTEM MCF cut-off value of >23 mm and >28 mm could predict thromboembolic events in the liver graft with a sensitivity of 71.4% and 85.7%, a specificity of 74.4% and 62.8%, a positive predictive value of 31.2% and 27.3%, and a negative predictive value of 94.1% and 96.4%.
Zanetto et al. [16] reported that a FIBTEM MCF > 25 mm in patients with (HCC was associated with a 5-fold increased PVT risk even in Child A patients. Here, cox multivariate analysis confirmed HCC and increased FIBTEM MCF to be independently associated with increased PVT risk. Fig. 2 . Box-Whisker plots for perioperative changes in FIBTEM MCF (reference range 9-25 mm) for the 50 liver transplant recipients. Results are expressed as maximum, minimum, median (line within the box) and 25th and 75th percentiles (error bars) at selected time points. Repeated measures ANOVA was used, FIBTEM MCF changes were significant all over the measuring point, *p < 0.001. P values above each box indicate its significance when compared to the preoperative value using a pair-wise comparison with Bonferroni adjustment for multiple comparisons (p < 0.01 is considered statistically significant). POD = Postoperative day. In this context, the development of an alternative and/or prolonged antithrombotic therapy guided by thromboelastometry may have the potential to reduce thromboembolic events and subsequent graft failure in this vulnerable patient population. The idea of using viscoelastic testing to monitor hemostasis in liver disease may have the advantage that these tests assess hemostasis in whole blood and therefore provide more global information on pro-and anticoagulants as well as on cellular components (platelets and leukocytes) involved in this process [16] [17] [18] [19] [20] .
Another important observation in our study was that 57/151 (37.8%) of the patients screened for this study were found to have at least two risk factors for hypercoagulability and thrombosis such as low protein C, low protein S, low anti-thrombin, increased homocystein, increased antiphospholipid IgG/IgM antibodies, increased lupus anticoagulant, or positive Factor V Leiden mutation. Related to the patient population screened for this study (151 potential liver recipients), this corresponds to an incidence of 0.7% antiphospholipid antibodies, 6.6% for increased homocysteine, 7.9% for Factor V Leiden mutation, 11.3% for decreased protein S, 25.8% for decreased protein C, 24.5% for decreased anti-thrombin, and 25.2% for increased lupus anticoagulant. This high incidence of risk factors for thrombosis -in particular the high incidence of positive lupus anticoagulant testing -is an important finding and should lead to further studies in cooperation with other centers in Egypt and overseas to investigate whether this is a local problem or represents a general issue in patients on a liver transplant waiting list [21] [22] [23] [24] [25] [26] . This would provide important information for developing a protocol for perioperative hemostasis management for recipients in this part of the world, which might be different from other protocols used in overseas centers. However, the observed incidence of 25.2% for increased lupus anticoagulant in our study is in line with the increased incidence of lupus anticoagulant between 18 and 61% reported by other authors [27] [28] [29] [30] [31] for patients with hepatitis C, cirrhosis, and carcinoma. Notably, the main transplant indication in our patient population was HCV infection in 82% (41/50), even combined with HCC in 43% (18/41) . Furthermore, the inclusion criteria for this study were two or more pre-existing thrombophilic factors detected in the preoperative coagulation screening. This highly selected patient population explains the high incidence of thrombophilic factors reported in the 50 patients finally included in this study (e.g., 76% lupus anticoagulant in the study group (n = 50) compared to 25.2% in the patient population screened (n = 151) and listed for liver transplantation at Menoufia University). We are aware that oral anticoagulants -vitamin K antagonists as well as direct oral anticoagulants (DOACs) -and heparin can interfere with lupus anticoagulant assays [32, 33] . This was one reason to exclude liver transplant recipients with oral anticoagulation from the study. However, anti-factor Xa tests have not been performed in our preoperative screening. This might be considered as a limitation of our study.
The lack of correlation between CCT and ROTEM parameters found in our study is in line with findings in other studies. Inconsistent correlation between FIBTEM MCF and plasma fibrinogen concentration in patients undergoing liver transplantation can be explained by the presence of dysfibrinogenemia in this patient population which is associated with fibrin polymerization disorders [34] [35] [36] [37] [38] [39] [40] . Furthermore, it has been demonstrated in several publications and in a meta-analysis by Segal et al. [41] that prolonged conventional coagulation tests are not associated with bleeding in cirrhosis. In contrast, hemostasis management guided by viscoelastic testing has been shown to reduce transfusion requirements in patients with cirrhosis [19, 20] . DePietri et al. [42] , Schofield et al. [43] , and Mallet et al. [44] demonstrated a disagreement between conventional coagulation testing and viscoelastic testing regarding hypo-and hypercoagulability in patients undergoing major liver resection. Herbstreit et al. [45] is in -line with our finding that CT in thromboelastometry shows poor correlation with both PT and aPTT in patients with cirrhosis. The absence of important cellular structures of the hemostatic system, such as platelets, leukocytes and endothelial cells, in CCT can explain the lack of correlation between these tests and viscoelastic assays performed with whole blood. During surgery and invasive interventions, many patients with cirrhosis and increased INR do not bleed and do not need any transfusion of blood products [19, 20, 46, 47] . Accordingly, 26% (12/50) and 38% (19 /50) of the patients did not require any RBC and plasma transfusion during surgery, and no transfusions were necessary after liver transplantation in our study.
Another important question is whether or not the coagulation changes that developed in the postoperative period as the step-wise increase in FIBTEM MCF is specific for this patient population of hypercoagulable recipients. On the one hand, the increase in fibrinogen after surgery and trauma is a common and well-known phenomenon but, on the other hand, FIBTEM MCF did not predict thrombosis in non-cirrhotic patients undergoing non-cardiac surgery [2, 48] .
It is still not yet clear when hypercoagulability in this patient population will return to the preoperative baseline coagulation values, but the present data suggest that hypercoagulability after major abdominal surgery can persist beyond the known duration of surgical stress response after similar procedures [49, 50] . Prediction of this hypercoagulability, particularly in the postoperative period, and implementing measures to help reduce the incidence of thromboembolic events would help to improve outcome.
Since 1997, Handa et al. [51] and Traverso et al. [52] observed a relationship between hypercoagulable TEG and prothrombotic screening tests. Supporting our study results, it has recently been demonstrated that TEG and ROTEM can distinguish between groups of patients with hypercoagulability and patients who have experienced a venous thromboembolic event [2, 15, 16] .
Finally the survival rate in this study is clearly affected by the incidence of vascular complications which is higher than in other overseas centers. Here, we have to improve our knowledge on contributing factors such as biliary leak and sepsis which can be conducive in developing HAT. However, this study has been performed in a challenging group due to their hypercoagulability tendency and also due to the procedure of LDLT. Compared to cadav-eric liver transplantation, LDLT is an important surgical issue since it is technically more challenging anastomosing smaller graft vessels in LDLT than in cadaveric whole liver transplant.
Ayala et al. [53] added that HAT is generally believed to result primarily from surgical techniques, but also other non-surgical reasons, such as rejection, weak flow in the hepatic artery, the presence of Factor V Leiden in the graft and the recipient, as well as changes in the hemostatic functions can contribute [54] [55] [56] [57] [58] [59] [60] [61] . Accordingly, our surgical team came to the same conclusion and reported that vascular and biliary complications were associated with a reduction in survival and that the prevention and proper treatment of these complications is required to achieve better survival among patients undergoing LDLT [62] .
In conclusion, this study demonstrated that a continuous postoperative increase in FIBTEM MCF despite normal or delayed increase in fibrinogen plasma concentration was associated with an increased incidence of HAT and PVT in LDLT. Future studies should assess whether an extension of ROTEM monitoring beyond 1 week after surgery on the surgical ward and an alternative, postoperative, anticoagulation regime guided by ROTEM is superior to the actual standard of care of thromboprophylaxis with low-molecular-weight heparin, in particular in high-risk patients with known hypercoagulability.
